We describe here the design and performance of a current sensing noise thermometer using a low T c DC SQUID as the front end amplifier. The DC SQUID is used to measure the thermal noise current in a resistor and the temperature is then obtained from the Nyquist formula. The thermometer is fast, absolute and precise and is usable over a wide temperature range below 4.2 K, in principle down to well below 1 mK. The excellent energy sensitivity of the DC SQUID, operated at fixed temperature, enables the use of a relatively large noise resistor, in the m range. This requires relatively short averaging times when measuring the spectrum of noise fluctuations. We have shown that it is possible to determine absolute temperature with a precision of 1% in a measuring time of 10 seconds with an amplifier noise temperature, T N , of the order of 30 µK, and to an accuracy better than 0.3%. The percentage precision is independent of temperature for temperatures much greater than T N . Our method of heat sinking the noise resistor ensures proper cooling of the electrons. We incorporate a fixed point device for checking the gain calibration. We have cooled the thermometer successfully to below 1 mK, achieving a minimum electron temperature of 300 µK. We present the results of a preliminary comparison with a 3 He melting curve thermometer (MCT) above 4.5 mK, and with a platinum NMR thermometer down to the lowest temperatures.
Introduction
Low temperature physics requires the accurate measurement of absolute temperature in the millikelvin range. In most laboratories the solution adopted is to use calibrated secondary thermometers, in some cases supported by superconducting fixed point devices. The measurement of the melting pressure of 3 He [1] is an attractive method of standardizing the temperature scale among different laboratories in the range 1 to 800 mK, but is widely viewed as difficult to operate. Nuclear orientation thermometry (NO) and Josephson noise 4 Corresponding author. 5 Present address: Oxford Instruments, Tubney Woods, Abingdon, Oxon OX13 5QX, UK. thermometry are the two most commonly used forms of primary thermometry in this temperature range [2] . Both are intrinsically dissipative and since they involve counting are relatively slow. In addition NO has a limited useful temperature range, which depends on the nucleus chosen and is around 2 mK to 40 mK for 60 Co.
Current sensing noise thermometry using a low T c DC SQUID preamplifier promises to be a practical approach to the dissemination of absolute temperature from 4.2 K down to low millikelvin temperatures. The thermometer is non-dissipative in nature and operation to well below 1 mK is possible in principle. It is fast and simple to operate and has a percentage precision which is independent of temperature over more than four orders of magnitude.
It is clear that the measurement of the thermal (Johnson) noise in a resistor can in principle be used to determine its temperature, and this requires an amplifier of sufficiently low noise. Two quite different methods have been used for noise thermometry at liquid helium temperatures and below: (i) the Josephson noise thermometer, introduced by Kamper and Zimmerman [3] , and (ii) the current sensing noise thermometer, first described by Giffard et al [4, 5] . Another approach has recently been suggested by Hao et al [6] .
The first method uses a Josephson junction shunted by a small resistor. The resistor is current biased and the resulting voltage, V , across the junction gives rise to a signal oscillating at the Josephson frequency f = 2eV / h. The voltage fluctuations due to thermal noise in the resistor give rise to frequency fluctuations, with the variance being proportional to absolute temperature. This thermometer has undergone much development over the past 20 years and has been used in standards laboratories to help establish a new temperature scale below 1 K [7, 8] . Since determination of temperature requires measurement of a frequency variance, long measurement times are required for good precision. For example, in order to achieve a temperature resolution of 0.1% a measurement time of around 6 hours is usually required, which is however independent of temperature T [7] . This suggests that this type of thermometer is impracticable for general use. However, suggestions have been made for shortening the measurement time, and also for extending the range of usefulness of this type of thermometer to 30 K using high T c SQUIDs [9] . A thin film version of the Josephson noise thermometer, which in the past has used point contact junctions, has recently been developed and has operated successfully down to below 100 mK [10] . In addition to the slow speed another potential disadvantage of the Josephson noise thermometer for measurements at low mK temperatures is the dissipation in the junction and shunts caused by the current bias, and associated hot electron effects.
In current sensing noise thermometry the thermal noise currents in a resistor are measured directly using a low noise SQUID amplifier. Following the initial work of Giffard et al [4, 5] it was developed more recently by Webb and Washburn [11] and by Bremer and Durieux [12] . Using this approach it is not necessary to current bias the resistor, therefore in principle lower absolute temperatures can be achieved than with the Josephson noise thermometer.
The principles of this method are briefly reviewed in section 2. In the previous work [4, 5, 11, 12] , an RF SQUID was used as the front end amplifier. In order that noise from the sensor resistor dominated over the intrinsic SQUID noise, small resistors were chosen, which resulted in long system time constants and consequently long measuring times. In [5] using a 54 µ resistor a measuring time of 2500 s was needed for 1% precision. In a separate experiment a 15 µ resistor was used and this was cooled on a demagnetization cryostat to ∼2 mK, using liquid 3 He to make thermal contact with the stage. Here the amplifier noise temperature [13] (defined as the temperature to which the resistor should be cooled in order that its contribution to the total output noise power is equal to that of the SQUID) was 0.05 mK. When compared with a CMN thermometer (in which the paramagnetic susceptibility of the powdered salt cerium magnesium nitrate immersed in liquid 3 He was measured) the noise thermometer was found to be at ∼2.3 mK with the CMN at 1.7 mK-the temperature gradient probably arising from a heat leak to the resistor. In this case 9000 s was needed for 1% precision. The speed can be increased by increasing the value of the resistor and in [11] a precision of 1% was obtained in approximately 200 s but at the expense of a significantly higher amplifier noise temperature of 1.6 mK. The possibility of improving the performance of a current sensing noise thermometer by using a DC SQUID as the front end amplifier has been suggested previously [11, 14] , and the first measurements with such a thermometer were performed by Roukes et al [15] , who used a DC SQUID to measure the temperature of electrons in thin metallic films down to 25 mK, as part of a study of electron-phonon coupling. However to our knowledge no quantitative evaluation of the performance a DC SQUID based current sensing noise thermometer as a practical thermometer over a wide temperature range has been reported prior to our work [16, 17] . The much better energy sensitivity of DC SQUIDs compared with that of the RF SQUIDs used previously means that much larger noise resistors can be used resulting in significantly shorter measurement times. Our measurements show that it is possible to determine absolute temperature with a precision of 1% in a measurement time of around 10 seconds. The percentage precision is independent of temperature. Also the absolute temperature can be measured to better than 0.3%. In addition we have shown that it is possible to cool the electrons in the resistor to significantly below 1 mK.
A practical advantage over the Josephson noise thermometer is that the SQUID and associated wiring can be installed permanently in the cryostat at a convenient fixed temperature, such as 4.2 K. The sensing resistor is located remotely where required. This thermometer promises to be a simple, general purpose thermometer providing rapid measurement of temperature from 4.2 K down to low millikelvin temperatures. Determination of absolute temperature requires knowledge of the magnitude of the sensor resistor and the overall current sensitivity of the SQUID plus control electronics. Otherwise with one fixed point, for example the boiling point of liquid helium, the thermometer can be used as a secondary thermometer throughout the temperature range without need for further calibration.
This paper presents our results on the performance of such a thermometer. In section 2 we describe the principle of operation of the noise thermometer, including a discussion of the amplifier noise temperature (which determines the lowest measurable temperature) the speed (which governs the measuring time necessary for a given precision), and the tradeoff between the two. Section 3 describes the design of the sensor. Issues of concern here are the choice of resistor material and the method of thermal contact. In addition we describe a method of incorporating a superconducting fixed point device into the thermometer. In section 4 we present an experimental evaluation of the thermometer. Three sets of experiments are described. In the first set of experiments, performed in a helium transport Dewar at 4.2 K, we compared the temperature determined by the noise thermometer (the Johnson noise temperature [13] ) with the ITS-90 4 He vapour pressure scale [18] . In the second set of experiments the thermometer was placed on the mixing chamber of a dilution refrigerator and compared with the 3 He melting curve scale Schematic diagram of the current sensing noise thermometer. The DC SQUID amplifies the thermal noise current of the resistor with the output captured on a spectrum analyser. M i is the mutual inductance between the input coil and the SQUID. Usually the SQUID and input coil are fabricated lithographically on the same chip. Only the temperature of the sensor resistor is varied, with the SQUID being held at constant temperature.
down to 24 mK. In addition we evaluated the fixed point device.
In the third set of experiments the noise thermometer was installed on a nuclear demagnetization cryostat and compared with a 3 He melting curve thermometer (MCT) down to 4.7 mK, and with a platinum NMR thermometer at lower temperatures. Finally in section 5 we summarize our results and we discuss future work. Preliminary reports of some of this work have appeared elsewhere [19, 20] .
Principle of operation of the current sensing noise thermometer
The mean square open circuit noise voltage per unit bandwidth across the terminals of a resistor, R, at temperature T is given by
where k B is Boltzmann's constant, h is Planck's constant and f is the frequency. We write R(f ) in order to allow for possible skin effects. Calculations show that for our geometries and the frequencies used it is reasonable to take R to be independent of frequency. With this assumption and in the limit hf/ k B T 1 equation (1) can be approximated by
The second term in the brackets is the lowest order quantum correction to the classical formula. It is most significant at high frequencies and low temperatures; however for T = 1 mK and f = 1 kHz (typical of our experiments) hf/ k B T ∼ 5 × 10 −5 , therefore the second term is negligible. So we retain just the first term to give
the ordinary Nyquist expression for thermal noise in the resistor. This is a white noise spectrum over the frequency range of interest.
In the current sensing noise thermometer we have developed, shown schematically in figure 1 , the resistor whose absolute temperature is to be measured is connected via a superconducting twisted pair in a superconducting shield to the input coil terminals of a low T c DC SQUID, held at constant temperature. The Johnson noise currents in resistors of a convenient value are small, especially at low temperatures, and a sensitive amplifier is required in order to measure them. A DC SQUID is ideal for this purpose. It is an extremely sensitive current sensor and its operation is described in detail in a review by Clarke [21] . The mean square noise current flowing in the SQUID input coil per unit bandwidth, arising from thermal noise in the resistor, is given by
where
Here L i is the input coil inductance of the DC SQUID and L s is any additional inductance in the input circuit. L s may be stray inductance associated with the twisted pair (not shown in figure 1 for simplicity). In some of our experiments a fixed point device is incorporated into the input circuit (see section 3.5.2) and in this situation L s can be more significant. The SQUID is operated in flux-locked loop mode. In this case the gain is very stable since it depends only on the size of the feedback resistor and the mutual inductance between the modulation coil and the SQUID. This is important since any gain fluctuation would result in an apparent temperature fluctuation. Once the resistance is known, one can determine the absolute temperature of the resistor from a measurement of the noise current spectrum using equation (4) , so long as all other potential noise sources are insignificant. Both the magnitude of the noise current and τ depend on R. In order to demonstrate the importance of the choice of the value of the resistor we show in figure 2 the frequency dependence of the mean square current noise from a resistor at a temperature of 5 mK for different values of R. Also shown is the intrinsic noise level of the DC SQUID we have used in these experiments when operated at 4.2 K. The zero frequency asymptotic value of I 2 N is proportional to T and to R −1 . The noise from the SQUID must be much lower than this at all measurable temperatures. Therefore SQUID noise limits the minimum measurable temperature for a given τ . Also τ determines the measuring time necessary for a given precision of temperature measurement. We quantify these points below.
Amplifier noise temperature
A useful parameter to describe the SQUID noise performance is the coupled energy sensitivity ε c . This is the energy equivalent of the minimum detectable current in the input coil (7) gives a noise temperature of 3.2 µK for a 0.5 m resistor and 32 µK for R = 5 m . Assuming that there is no additional inductance in the input circuit (L s = 0), τ = 3.8 ms for R = 0.5 m and τ = 380 µs for R = 5 m . Substituting these values of τ into equation (8) gives measuring times required for 1% precision of t meas = 76 s for R = 0.5 m and t meas = 7.6 s for R = 5 m . [22] . It can be written in terms of the flux noise per √ Hz, φ 2 N 1/2 , which is the more often quoted noise parameter of DC SQUIDs, as
where L i is the self-inductance of the input coil of the SQUID, M i is the mutual inductance between the input coil and the SQUID and I The amplifier noise temperature T N of the current sensing noise thermometer is defined as the temperature at which the zero frequency Johnson noise current from the resistor is equal to
which can be rearranged to give
It is clear that the amplifier noise temperature must be much lower than the minimum operating temperature of the thermometer if equation (4) is to be applied directly to obtain the absolute temperature. If this is not the case a correction can be made (by subtracting the intrinsic noise power of the SQUID from the total noise power). In addition equation (7) tells us that for a given DC SQUID (ε c and L i fixed) the noise temperature is proportional to the resistance.
Therefore we can reduce T N by choosing a lower value of R. This may be undesirable for two reasons. Firstly very small value resistances are difficult to fabricate as well as more difficult to measure with precision. Secondly the value of the resistance also affects the measuring time, as we now show.
Speed of the thermometer
Since determination of temperature relies on the measurement of the mean square noise current in a resistor, the precision of the result depends critically on the measuring time. Part of our evaluation of the thermometer concerns a practical determination of its speed. In our set-up the noise spectrum, given by equation (4), is captured on a fast Fourier transform spectrum analyser. Here a time trace consists of N points, with a time t between each point. For each point to be an independent measure of the square of the noise current, t must be of order the correlation time of the noise or greater (which for this system is the time constant τ = L T /R). Therefore in a measuring time t meas one can make approximately N = t meas /τ independent measurements. A rough estimate for the precision in a given measuring time is thus given by
A similar expression has been used by Webb and Washburn [11] . The percentage precision in a given measuring time is thus independent of temperature, but only in the limit T T N . Writing this in terms of the resistance of the sensor, and putting L s = 0, we obtain
Figure of merit of the thermometer
It is clear from equation (9) that for a given precision one can reduce the measuring time by choosing a larger resistor. However we see from equation (7) that this can only be done at the expense of an increased amplifier noise temperature. The choice of noise resistor will be determined by a compromise involving the temperature range of operation and the speed required. Following Roukes et al [14] we can define a figure of merit for the thermometer t meas T N σ 2 which relates the measurement time for a given precision and the amplifier noise temperature. Combining equations (7) and (8), we can write
Since ε c is the coupled energy sensitivity of the SQUID preamplifier, this highlights the major gains which arise from the lower ε c of DC SQUIDs compared with RF SQUIDs. These are elaborated in the next section.
The advantage of using DC SQUIDs
The typical coupled energy sensitivity of the DC SQUIDs currently available commercially is around 500 h. This should be compared with 10 5 h for the RF SQUIDs used in earlier current sensing noise thermometers [11, 12] . It is clear from equation (7) that with the reduced coupled energy sensitivity of the DC SQUID one can achieve the same amplifier noise temperature with a larger value resistor, given the same L i . This larger R results in much shorter measuring times for a given precision. An additional advantage of using a large resistor is that its value can be measured quite accurately by using a simple four-point probe measurement with a digital multimeter, rather than the SQUID techniques previously employed [4] . This makes absolute thermometry much more practicable.
As an example, we consider two situations and in both cases we estimate the measuring time required for a precision of 1% (σ = 0.01). If the thermometer is to be used in the mK range (down to 10 mK) then this requires a T N of 0.1 mK in order to avoid the need for significant correction for SQUID noise. Substituting these values for σ and T N into equation (10) and using the value of 10 5 h for ε c (typical of an RF SQUID) results in a measurement time of 480 s, assuming κ = 1. This is too long for a practical general purpose thermometer, hence the relatively few instances of this kind of thermometer being used in the literature. In addition the resistance, set by the specified noise temperature, for the RF SQUID used previously
The situation is quite different if a DC SQUID is used as the preamplifier. In this case substituting T N = 0.1 mK, σ = 0.01, κ = 1 and ε c = 500 h gives a measurement time of 2.4 s. The resistance required for the SQUID we are using (L i = 1.9 µH) is 16 m . It is also in principle possible to use this thermometer to even lower temperatures. For a thermometer usable in the µK range (down to 100 µK) an amplifier noise temperature of ∼1 µK is desirable. In this case the sensor resistance is 0.16 m and substituting into equation (10) we obtain t meas = 240 s for σ = 0.01, ε c = 500 h and κ = 1. Measurements to 100 µK would clearly be impractical with the RF SQUIDs used previously, where the measurement time would be 13 hours for 1% precision, with the required resistance of 1.04 µ .
Description of the thermometer
There are three main parts to the current sensing noise thermometer we have developed, as shown in figure 1: (i) the SQUID, operating in flux-locked loop mode and held at fixed temperature (usually 4.2 K or 1.5 K), (ii) the readout system at room temperature and (iii) the sensor resistor, connected to the cold point whose temperature is to be measured.
The SQUID system
As we have already shown above, the parameter that determines the performance of the thermometer is the coupled energy sensitivity of the SQUID and commercial DC SQUIDs with ε c ∼ 500 h have adequate performance, even for ultralow temperature operation. In addition, as can be seen from figure 2, frequency measurements out to 1 kHz are required. This is well within the bandwidth of commercial systems.
We have used a commercial low T c DC SQUID from Quantum Design [23] in the measurements reported here. It was operated in flux-locked loop mode, with a bandwidth of 50 kHz using either a model 550 or a model 5000 controller. The parameters are as follows: the SQUID input coil selfinductance, L i = 1.9 µH, the mutual inductance between the input coil and the SQUID, M i = 10.4 nH and the flux noise is 3 µφ 0 Hz −1/2 when the SQUID is operated at 4.2 K. Substituting these values into equation (5) gives a coupled energy sensitivity ε c of 500 h.
We have operated the SQUID both in a liquid helium bath at 4.2 K and in a vacuum can, with the SQUID thermally heat sunk either at 4.2 K or 1.5 K. For use as a general purpose thermometer operation in vacuum is preferred, since this allows connection to the noise resistor to be made more simply. Also the coupled energy sensitivity, which has a contribution from Johnson noise in the shunt resistors across the Josephson junctions of the SQUID, can be reduced in principle by operating the SQUID at 1.5 K.
The SQUID input coil is connected to two niobium screw terminals. It is straightforward therefore to connect the leads from the noise resistor to the input coil of the SQUID, forming superconducting joints. The SQUID is housed in a niobium can, which is superconducting at operating temperatures and serves to shield the device from any extraneous magnetic noise. The resistor needs to be shielded also. In the very first experiments to evaluate the technique at 4.2 K, described in section 4.2, the resistor was placed in the SQUID shield itself. In later experiments it was housed in its own niobium shield, remote from the SQUID and was connected to the SQUID input coil terminals via a shielded superconducting twisted pair.
The SQUID was connected to the controller via a flexible cable as supplied by the manufacturer. It is important to heat sink the flexible cable when operating the SQUID in vacuum. In order to achieve this, we removed some of the plastic insulation about 10 cm from the bottom of the flexible cable and wrapped a copper wire around the tinned copper screen of the flexible cable which was then covered with silver epoxy. The copper wire was heat sunk at 4.2 K. This proved to be adequate heat sinking, even when the SQUID was operated at 1.5 K. The cable, which is hermetically sealed enabling SQUID operation in vacuum, is connected via a room temperature preamplifier to the SQUID controller.
The readout system
The SQUID is used to measure the frequency spectrum of the current noise in the sensor resistor. The output of the flux-locked loop electronics, which has a gain at DC of ∼0.75 V φ −1 0 (there are slight differences in the two controllers) is captured on a fast Fourier transform spectrum analyser (Stanford SR760) and the data fitted to equation (4) in order to extract the temperature. This procedure is discussed in detail in section 4.1. In the experiment on the demagnetization cryostat the spectra from the spectrum analyser were taken automatically by computer and fitted to give a 'real time' temperature readout.
In a separate experiment, we could obtain the overall gain of the SQUID readout system directly as a function of frequency by measuring the voltage out for a known current in the SQUID input coil. This was done in our experiments at 4.2 K, to show explicitly that the thermometer could give an accurate measure of absolute temperature.
The sensor resistor
We have used a number of different sensing resistors and geometries in the course of the evaluation of the current sensing noise thermometer. All resistors have been cut from copper foil, 25 µm thick and of 99.9% purity. We used copper following the experience of Webb et al [5] , who found that BeCu sensors were impossible to cool below 4.5 mK probably due to a large heat capacity caused by magnetic impurities. We avoided using alloys for this reason. In addition the electrical resistance of pure copper is practically independent of temperature at low temperatures-Webb et al [5] measured a constant resistance below 350 mK with the 4.2 K resistance only 0.4% higher than the low temperature value. In our experiments we obtained the temperature dependence of the resistor from values of τ obtained from the fits to the noise spectra.
For most purposes the sensor resistor was remote from the DC SQUID. It was connected to the SQUID input coil terminals via a shielded twisted pair, usually broken at certain points-for example when the sensor was contained in a separate niobium shield or when an intermediate junction box was used between the sensor resistor and the SQUID for additional heat sinking. We used single-filament NbTi superconducting wire with CuNi cladding for the twisted pair connected directly to the resistor. The wire was soldered to the copper foil and the resistance measured accurately at 4.2 K using a four-point probe measurement. Therefore the measured resistance, that was used in equation (4) in order to obtain the temperature, included the resistance of the joints, but this was negligible in our case. For the low temperature experiments all the cladding was removed from the leads with a nitric acid etch in order to avoid extraneous noise from the normal metal. We discuss details of the resistance measurements in section 4.2.1.
Sensor configurations.
We have used various values of sensor resistor and different mountings over the course of this work. In the initial experiments the resistor was placed in the niobium shield of the SQUID and measurements were made with the SQUID in a transport Dewar at 4.2 K. These measurements are discussed in detail in section 4.2.2, where we show the extent to which the thermometer can be considered to be absolute. In any practical situation the SQUID and sensor resistor will be remote from one another. The SQUID is mounted at fixed temperature, ideally in the vacuum can. The sensor resistor is contained in its own niobium shield, as shown in figure 3 , and situated wherever the temperature is to be measured. In our designs the superconducting leads that are soldered to the resistor are connected to niobium screw terminals in the sensor shield. This makes for simple connection to the DC SQUID input coil. This is done using a twisted pair of superconducting wire which can be connected to both sets of terminals (those connected to the sensor and those connected to the SQUID input coil) forming superconducting joints. The twisted pair is shielded either by 1 mm outer diameter niobium tubing, or by lead-tin alloy tubing (formed from single-core solder by removing the flux by boiling in white spirit). The latter is more convenient to use; however we have found the former to be significantly more effective in applied fields up to 25 mT. Superconducting wire without normal metal cladding was used for the twisted pair between the SQUID and the sensor terminals in order to minimize the heat leak to the resistor down the leads. Also an intermediate junction box was used when additional heat sinking was required (for example on the mixing chamber of the dilution refrigerator in the demagnetization experiments). With this design it is easy to make an accurate measurement of the resistance by connecting a twisted pair to the screw terminals in the sensor shield and then performing a four-point probe measurement.
Elimination of extraneous noise
In order to determine the absolute temperature from the current noise in the resistor it is important to ensure that there are no extraneous sources of noise. The SQUID itself is shielded in a niobium can and it is quite straightforward to obtain a background noise level as quoted in the specifications. This can be measured by placing a short length of superconducting wire across the screw terminals to the SQUID input coil. This noise level and the chosen sensor resistor determine the noise temperature of the device. Of concern to us was the possibility of additional noise resulting from connecting a long twisted pair to the SQUID input coil. Possible sources of noise are (i) pick-up caused by motion of the pair in a magnetic field, as a result of vibrations, and (ii) Johnson noise resulting from the close proximity of extra normal metal to the twisted pair and the resistor. The former effect was observed during our demagnetization experiments and is discussed in section 4.4. We observed evidence for the latter effect, which has been discussed in some detail by Clem [24] , in tests at 4.2 K. Additional noise, of the order of the intrinsic SQUID noise, was observed when the SQUID input coil was shorted by several centimetres of superconducting twisted pair mounted on a copper substrate at 4.2 K. This noise is attributable to Johnson noise inductively coupled to the twisted pair from the substrate. It is therefore clear that any inductive coupling of the input circuit to normal metal at temperatures higher than that of the sensor resistor needs to be scrupulously avoided. In the experiments described here the sensor resistor was mounted on an insulating substrate; however for many applications the use of a metallic substrate should not be problematic. If designing a 'fast' thermometer, with a relatively large resistor and amplifier noise temperature then this effect should be considered carefully.
Details of the sensor
The sensor shown in figure 3 incorporates two key features [25] as illustrated schematically in figure 4 . The first concerns the method of thermal grounding of the resistor and the second provides a means for directly calibrating the gain of the SQUID amplifier.
Thermal contact to the sensor.
The resistor was glued to a base of machinable glass ceramic MACOR [26] with a thin layer of GE varnish and the superconducting twisted pair was connected to the niobium screw terminals in the sensor housing. To ensure cooling of the sensor resistor to the lowest temperatures one end is electrically grounded to a copper block at the base of the sensor that is in turn thermally connected to the place where the temperature is to be measured. This circumvents one of the main problems with noise thermometry at ultra-low temperatures in the past-that of hot electron effects. At low temperatures, in the presence of a small heat leak the electron temperature T e is higher than the phonon temperature T p . The electrons in a metal cool by transferring energy to phonons at a rate given by [27] 
where is the volume of the metal, T e is the electron temperature and T p the phonon temperature. This rate can become very small at low temperatures and consequently in the presence of a small heat leak the electron system T e can be much higher than T p . The parameter can be obtained from a fit to experimental data. Wellstood et al [27] infer a value for of 1.8 × 10 9 W m −3 K −5 from the work of Roukes et al [15] on Cu films and a value of 1.0 × 10 9 W m −3 K −5 from the results of Anderson and Peterson [28] on bulk copper. The minimum achievable electron temperature in the presence of a small heat leak to the electrons can be obtained by setting T p to zero in equation (12) . This gives
Substituting in the value of for bulk copper and using the volume of a typical copper foil used in our experiments (10 mm×5 mm×25 µm) gives a value of T min of 3.8 mK for a 1 pW heat leak. The problem can be significantly reduced by electrically grounding one end of the resistor to the relatively large volume copper plate, whose temperature is to be measured. This ensures that the electrons in the resistor are cooled by conduction through the electron system to this reservoir.
We made a series of preliminary measurements at 4.2 K and confirmed that grounding one end of the noise resistor did not in any way influence the observed noise spectra. The data are shown in figure 5 . The first two spectra (labelled (a) and (b)) are obtained from a 1.26 m resistor at 4.2 K, both floating (open circles) and with one end grounded (full line). The data are consistent to better than 1%. In order to test the potential effect of the grounding on a resistor at low temperatures we used a resistor more than two orders of magnitude larger to reduce the thermal noise measured at 4.2 K. These data are also shown (labelled (c) and (d)), again with and without a ground (open squares and full line respectively). These data sets also agree to better than 1%. This provides an upper limit of the contribution of grounding to the amplifier noise temperature of 100 µK for the 1.26 m resistor. Also shown in figure 5 (labelled (e)) is the level of SQUID noise at 4.2 K (measured with the input coil shorted). The peak at around 40 kHz comes from the frequency response of the flux-locked loop. This thermal grounding method has proved to be effective. Our measurements to date on the current sensing noise thermometer show that it is thereby possible to cool the electron system to significantly below 1 mK. Figure 4 shows schematically the implementation of a superconducting fixed point device as a means of providing a calibration point for the thermometer. This acts as an in situ check on the gain of the SQUID amplifier system, which can be made easily and repeatedly if required. Once the gain has been determined at one temperature the thermometer is then usable throughout the temperature range without further calibration, so long as the resistance is temperature independent and other noise sources are unimportant.
The fixed point device.
The fixed point device works as follows. A small coil of superconducting wire wound around a piece of a reference metal (which is at the same temperature as the resistor and whose superconducting transition temperature T c is well defined) is inserted in series with the sensor resistor and the input coil of the SQUID. The inductance of the coil is chosen to be of the order of the SQUID input coil inductance when the metal is in the normal state, and is the main contribution to L s . An abrupt drop in the total input circuit inductance, and hence the time constant τ , occurs on cooling through T c . It is clear from equation (4) value. Since the low frequency part of the noise spectrum is unaffected at the transition, its magnitude at T c can be used to calibrate the SQUID gain. This effect is depicted graphically in figure 6 , where we show the theoretical normalized noise power at two different frequencies as a function of reduced temperature T /T c . Here the inductance in the SQUID input circuit is assumed to drop abruptly by a factor of two on cooling through T c . At ω = ω h /10 (where ω h = τ −1 h and τ h is the time constant above T c ) the effect of the transition on the noise power is only slight (and the DC value obtained from fitting the spectrum will be unaffected). The noise power measured here can be used to calibrate the gain. At ω = ω h a distinct signature of the transition is observed in the noise power. Another procedure for implementing this method of gain calibration is to fit the noise spectra to equation (4) to obtain both τ and the DC level. L T can then be obtained from the fits (assuming that R is only weakly temperature dependent through the transition) and the DC level can then be scaled to give the correct temperature at T c .
It would be possible, but not necessary, to incorporate more fixed points in the thermometer in the same manner by using other additional coils with different superconductors, or a set of different superconductors could be placed in the same coil. An important point is that since the noise thermometer does not lose sensitivity at high temperatures (unlike an NMR thermometer for example) it can be calibrated at relatively high temperatures. For example we have used the superconducting transition of aluminium to provide a calibration point at around 1 K, as described in section 4.3.1. This has the advantage that the transition width is narrow and the critical magnetic field is relatively high, thus reducing the magnetic shielding requirements for the fixed point device.
Performance of the thermometer
In this section we describe three sets of experiments we have carried out in order to evaluate the performance of the current sensing noise thermometer. In the first set of experiments the noise resistor was placed in the superconducting shield of the SQUID and immersed in a liquid helium bath. In this way the accuracy with which absolute temperature could be determined by the thermometer was assessed. In the second set of experiments the noise sensor as described in section 3.5 was thermally connected to the mixing chamber of a small dilution refrigerator and the Johnson noise temperature [13] compared with the temperature determined by a 3 He melting curve thermometer. Finally the performance down to below 1 mK was measured on a nuclear demagnetization cryostat.
Analysis of the measured noise spectra
In all experiments the temperature was obtained from measured noise spectra by fitting to equation (4) . In the first set of experiments, at 4.2 K, the SQUID gain was measured precisely, making the thermometer absolute. In the other sets of experiments the thermometer was used as a secondary thermometer, a measurement at a fixed temperature being used to calibrate the gain. Typical normalized noise spectra at 4.2 K with fits to equation (4) are shown in figure 7 . These data are from the first set of experiments. In this case we determined the temperature in two stages. Firstly a fit to the data taken from 0 to 800 Hz (as shown in figure 7(a) ) was made in order to determine τ , with T and τ free parameters. Secondly T was determined from a fit to data taken from 0 to 100 Hz with τ constrained at the previous value ( figure 7(b) ). In the later experiments we obtained both T and τ from fits to the noise spectra, over a frequency range determined by R. This increased the measuring time necessary for a given precision by around a factor of two but was important for diagnostic purposes, to detect the possible small temperature dependence of R.
Measurement of absolute temperature at 4.2 K
We now describe the initial set of experiments to evaluate the performance of the thermometer. Before the thermometer could be used to measure the absolute temperature it was necessary to measure accurately the value of the resistor at 4.2 K and the frequency dependent gain of the SQUID system at 4.2 K. These measurements are described below. Once these two preliminary measurements had been made the resistor was connected to the input coil of the SQUID. The noise spectrum was measured on the spectrum analyser, with the SQUID and resistor at 4.2 K, and the temperature was determined by fitting to equation (4) . 
Resistance measurements and gain calibration.
The setup for measuring the resistance accurately using a fourpoint probe method is shown in figure 8 . Here leads A and B were ultimately to be connected to the SQUID input coil. A DC current (which could be reversed in order to avoid problems with thermal emfs) was applied as shown and the voltage measured using a Keithley 2001 digital multimeter. We determined the resistance of all our sensors in this way. The resistance includes that of the solder joints, but it is the total resistance that determines I 2 N and hence T . The resistance was measured as a function of current and the extrapolated zero current value was used in equation (4) , so as to avoid any possible non-linearities due to heating. Once the resistance had been measured the wires were trimmed as shown in the figure, etched in nitric acid in order to remove the cladding and then connected either to the input coil of the SQUID or to the screw terminals in the sensor housing. In this way an accurate value for the total resistance in the SQUID input circuit could be measured in a separate experiment.
It is possible that the solder joints may produce anomalous effects. They will contribute to the measured Johnson noise so their resistance is included in R. However they may, for example, be at a slightly different temperature from the foil itself. In order to check the potential for spurious results we measured their resistance on one sensor before connecting it to the SQUID. In this case leads C and D were also connected. By passing current through those leads and measuring the voltage across A and B the resistance minus that of the solder joints was measured. In this way the combined resistance of the solder joints was found to be less than 1 µ . Since the noise resistors used in this work were always greater than 290 µ any anomaly due to the resistance of the solder joints was unlikely.
In order to calibrate the SQUID gain the following procedure was adopted. A known current I (f ), determined by measuring the voltage across a 500 k resistor, was put through the input coil of the SQUID and the output voltage measured both on a Keithley 2001 digital multimeter and a Stanford SR760 fast Fourier transform spectrum analyser. Using this calibration the output of the spectrum analyser could be normalized to give the current in the input coil. There was a small frequency dependence of the SQUID gain over the measurement range. This was accounted for in the normalization process.
Comparison with ITS-90 at 4.2 K.
Temperature was determined in this experiment from the vapour pressure of 4 He, as specified by the international temperature scale ITS-90 [18] . The pressure of the helium bath was measured directly using a Paroscientific Digiquartz gauge [29] .
In figure 9 we show a set of measurements of Johnson noise temperature T noise [13] with the SQUID and resistor immersed in liquid helium, using a 0.669 m resistor. Each temperature measurement was made with an averaging time of 160 seconds. It can be seen that the absolute value of the temperature obtained from the mean of all these points is accurate to around 0.1%. The standard deviation of the points determines the precision of a single measurement and was found to be 0.7% with a 160 second averaging time. The percentage precision should be independent of temperature so long as noise in the resistor dominates over SQUID noise. With this resistor T N obtained from equation (7) is 4.2 µK. Using equation (9) we would expect to obtain 0.7% precision in 116 s. It is clear that this equation is a reasonable guide to the speed of the thermometer.
We also measured the precision as a function of measuring time for this resistor. This is shown in figure 10 . Each datum point comes from a set of measurements at 4.2 K. It is clear that the precision is proportional to the inverse square root of the measuring time. The full line in the figure shows the precision determined from equation (9) using a value of 0.669 m for R and a SQUID input coil inductance of 1.9 µH. The measured precision in a given measuring time is 20% larger than that estimated from this approximate equation. The dashed line in figure 10 is the estimate obtained from equation (9) using a 5 m resistor and the same input coil inductance. It is clear from the figure that 1% precision should be obtained in of order 10 seconds using the larger resistor.
Measurements on a dilution refrigerator
In the first dilution refrigerator experiments we used a 3.99 m sensor resistor in order to increase the speed of the thermometer. This was housed in a separate niobium shield connected to the mixing chamber of a dilution refrigerator. Good agreement with a calibrated germanium thermometer [30] was obtained down to 300 mK. For this sensor, the calculated amplifier noise temperature T N was 25 µK. From equation (8) 10 seconds averaging time corresponds to 1% precision. The standard deviation of a set of six independent temperature measurements at 370 mK was equivalent to 2% precision in 10 seconds, approximately confirming this prediction. However, more data would be required to give a precise value.
In the next set of experiments we used the sensor described in section 3.5 with a 0.29 m resistor, which included the new technique of electrically grounding one end of the resistor in order to ensure cooling of the electrons. The thermometer also incorporated the method for self-calibration as described in section 3.5.2. In addition we used an intermediate niobium junction box between the SQUID and the sensor, which was thermally connected to the mixing chamber.
We compared this current sensing noise thermometer with three other thermometers. In the first experiment the temperature of the mixing chamber was measured with a calibrated germanium thermometer above 300 mK and a carbon resistance thermometer below. These data are the full circles in figure 11(a) . The carbon resistance thermometer had previously been calibrated against a 3 He melting curve thermometer on another cryostat. In a second experiment we compared the noise thermometer directly with a 3 He melting curve thermometer using the Provisional Low Temperature Scale, 0.9 mK to 1 K: PLTS-2000 [31] . These data are the open circles in figure 11 (a). They are replotted in figure 11 (b) in order to show the fractional deviation of the measured temperatures.
Excellent agreement was obtained between the current sensing noise thermometer and the 3 He melting curve thermometer down to 24 mK. Here the noise thermometer was used as a secondary thermometer, the gain calibration being performed at 4.2 K with exchange gas in the vacuum can. In a set of 25 measurements taken with the fridge stabilized at 30.65 mK, as determined by the melting curve thermometer, and with a measuring time of 160 seconds the noise thermometer gave an average temperature of 30.44 mK. The standard deviation of the distribution was 1.6%. This is again close to the estimated value. Substituting the resistance value of 0.29 m into equation (7) gives an amplifier noise temperature of 1.8 µK and equation (8) gives a precision of 0.95% in 160 seconds, equivalent to 1% in 145 seconds, using the measured value if the input circuit inductance of 2.1 µH. This speed could be increased, at the expense of an increase in T N , by using a larger resistor. As an example we consider a thermometer suitable for use with a dilution refrigerator of base temperature 5 mK. If we use a resistance R of 7.9 m then T N = 50 µK and the contributions of SQUID flux noise to the total noise power will be 1% at base temperature and less than 1% at higher temperatures. The measurement time for 1% precision, from equation (8) in this case will be 2.3 s. This is quite reasonable for a practical, general purpose thermometer.
Experimental evaluation of the fixed point device.
In a 'proof of principle' experiment we used a small aluminium tube as a superconducting fixed point device. The tube thickness was chosen to be less than the skin depth in the normal state over the frequency range of the measurement to avoid any frequency dependence of the inductance. Since the purity of the aluminium was unknown the precise value for the superconducting transition temperature was also unknown. However the different shapes of the measured noise spectra above and below the transition are seen in figure 12(a) . The two highest temperature spectra were taken above the transition, the rest below. The combined inductance of the fixed point device and the SQUID input coil was obtained from fits to the spectra. It was found to be 3.8 µH above the superconducting transition and 2.1 µH below. Figure 12(b) shows the temperature dependence of the current noise at frequencies of 1 Hz and 11 Hz. These were obtained from fits of the data to equation (4) . These frequencies correspond approximately to those shown in figure 6 . The dotted lines are a guide to the eye. The signature of the transition is clearly seen in the high frequency data and a more complete set of temperature data, together with a precise knowledge of T c would enable a calibration of the gain of the thermometer from the magnitude of the low frequency data at the transition point. An additional effect is that Johnson noise in the aluminium disappears at the superconducting transition. This can be observed clearly in the noise spectra above 1 kHz, however the noise power in the normal state is almost four orders of magnitude lower that the DC noise level due to the sensor resistor and has negligible effect on the calibration. 
Measurements to below 1 mK on a nuclear demagnetization cryostat
We have performed an initial test of the current sensing noise thermometer on a nuclear demagnetization cryostat. The thermometer was compared with a 3 He melting curve thermometer down to 4.7 mK. The practical limitations of the present thermometer were investigated down to the lowest temperatures by comparison with a platinum NMR thermometer. The noise thermometer and melting curve thermometer were mounted directly on the top of the nuclear stage. The platinum NMR thermometer was placed at the centre of a high homogeneity NMR magnet, located above the 8 T demagnetization solenoid, and connected to the stage by a solid copper post 10 mm diameter and 25 cm long.
The noise sensor was similar to that shown in figure 3 ; however the fixed point device was not included in this version. Therefore a measurement of the temperature dependence of the resistance R could be made over a wide temperature range below 4.2 K. Our preliminary measurements show evidence for a small anomaly in the resistance of the sensor resistor, centred around 15 mK; however the maximum variation of the resistance between 4.2 K and 1 mK is of the order of 1 %. We used a 0.34 m resistor corresponding to an amplifier noise temperature of 1.9 µK from equation (7) and a measuring time of 124 s for 1% precision from equation (8) . The noise spectra from the SR760 were captured on a PC running LabVIEW [32] and fitted directly to obtain both T and τ . We used a measuring time of 205 s and collected data continuously. Once the spectrum analyser had been read by the computer the fitting was rapid hence a temperature measurement was made every 205 s. These data were then averaged and a standard deviation obtained. This corresponded to 1.5% in the measuring time, higher than but the same order of magnitude as that given by equation (8) . Use of the computer to collect the data was found to cause no additional heat leak to the nuclear stage (sometimes a problem in ultra-low temperature experiments) even though no particular precautions were taken to prevent this.
We found that it was important to shield the twisted pairs connecting the SQUID and the noise resistor with niobium tubing. In an earlier run using lead-tin alloy tubing much additional noise was introduced due to the stray field from the demagnetization magnet or the field from the NMR magnet. This additional vibrational noise, due to trapped flux, remained even when the field was removed, precluding operation of the noise thermometer. This problem was resolved by replacing the lead-tin tubing with niobium. In order to reduce the heat leak to the resistor down the twisted pair from the SQUID we used an intermediate junction box (as described in section 3.3.1), heat sunk at the mixing chamber.
We obtained melting curve temperatures from the PLTS-2000. The gain calibration of the noise thermometer was carried out with the fridge stabilized at 100 mK, using the PLTS-2000 to define the temperature. The melting curve thermometer pressure calibration was done above 1 K using a Parascientific Digiquartz gauge [29] and then a constant pressure shift was applied over the entire pressure range so that the value at the superfluid 'A' transition coincided with the PLTS-2000. Once this shift had been applied our measured value for the pressure at the solid ordering transition agreed with the PLTS-2000 to better than 0.5 mbar. The pulsed NMR spectrometer [33] , used to obtain the platinum NMR temperatures, was calibrated against the MCT using the PTS-2000 scale. Figure 13 shows noise spectra from ∼1 K down to the lowest temperatures. Measurements of noise spectra from 500 Hz to 1 kHz show an additional white noise level, which we found to depend on the final demagnetization field. With a field of 0.18 T in the main magnet the white noise level was higher than the intrinsic white noise of the SQUID by approximately a factor of 3 in voltage. This results in a measured amplifier noise temperature of 20 µK. The spectra of figure 13 were taken with a field of 45.5 mT in the main magnet. In this case the white noise level, measured above 500 Hz at the lowest temperatures, corresponds to an amplifier noise temperature of 8 µK. The source of this additional noise is currently under investigation. This additional noise power was subtracted from all the noise power spectra before fitting to equation (4) to determine the Johnson noise temperatures, T noise .
The Johnson noise temperatures are shown in figure 14 (a) at 100 mK and below. The black circles show a comparison between the current sensing noise thermometer and the melting curve thermometer using the PTS-2000 scale. The measurement at 4.7 mK was made with the dilution refrigerator running at base temperature and the measurements at higher temperatures were performed with the heat switch to the stage closed and the mixing chamber held at constant temperature by a temperature controller. Noise data were scaled to agree with PTS-2000 at 100 mK and this calibration constant was used throughout the temperature range covered. Agreement with the PTS-2000 is within 1% down to 4.7 mK.
The lower temperature data (open circles in figure 14(a) ) show results of a comparison with the platinum NMR thermometer. They were taken whilst slowly warming (over a period of 4.5 days) following a demagnetization to 45.5 mT. It can be seen that at the lowest temperatures the noise thermometer reads a higher temperature than the platinum NMR thermometer. A plot of T 2 noise versus T 2 for the data below 1 mK is shown in figure 14(b) . The least squares fit to the data is also shown. The intercept corresponds to a minimum possible Johnson noise temperature of 287 µK for the present thermometer. The form T 2 noise − T 2 = const is as expected for a temperature independent heat leak to the sensor, which is being cooled via a pressed metallic contact. If this expression remains valid to higher temperatures then the noise thermometer would read 40 µK above the true temperature at 1 mK and 8 µK hotter at 5 mK.
Future work will involve a detailed comparison between the noise thermometer and the MCT in the temperature region from 1 to 3 mK, including a determination of the fixed points of the melting curve scale-the 'A' transition and the solid ordering transition. A new sensor with improvements designed to reduce the residual heat leak to the sensor, to eliminate the temperature gradient between it and the stage, is now being constructed.
Conclusion
We have presented a detailed description of the design and performance of a current sensing noise thermometer which uses a DC SQUID as the first stage preamplifier. It has a range of usefulness below 4.2 K of more than four orders of magnitude with a percentage precision independent of temperature. In addition it is fast, in principle absolute, and very simple to use. It can also be used as a secondary thermometer by calibrating the gain at one fixed point, thereby avoiding the need to measure precisely the system parameters. Using a resistor of 5 m better than 1% precision should be obtained with a measuring time of ∼10 s and a noise temperature of ∼30 µK using commercially available DC SQUIDs. Even better performance should be achievable by using a state-of-the-art SQUID. More than a factor of ten reduction in coupled energy sensitivity over that of presently available commercial devices should result in a similar reduction of the t meas T N product.
We have described a method for ensuring good thermal contact to the electron system and also a method for selfcalibration of the gain. We have shown that the temperature obtained from the thermometer is in good agreement with the 3 He melting curve scale down to 4.7 mK and we have achieved a minimum electron temperature of ∼300 µK. Future work will involve modifications to the sensor in order to reduce the electron heating effects. Reducing this heating effect will enable the thermometer to be used to provide a determination of the 3 He fixed points (the 'A' transition and the solid ordering transition) on the noise thermometer scale and this may help to resolve some of the present discrepancies between the various low temperature scales [31] . To achieve accuracies better than 1% it will be important to check the low temperature resistance of different sensor materials, in order to ensure the absence of any significant anomalies in the resistivity.
